The data from several rural stations
The data from several rural stations of the air quality monitoring network in Japan are useful for representation of the tropospheric ozone on the ground surface.
The seasonal variation of the tropospheric ozone is investigated by using these data along with those from ozonesonde soundings at Sapporo, Tateno and Kagoshima. They show a regular pattern of a summer minimum as well as a spring maximum which is a common feature of the tropospheric ozone at middle latitudes in North America and Europe. The summer minimum implies that photochemical production is not a principal factor to control the tropospheric ozone, and it may be attributed to the weak transport of ozone from the stratosphere, being associated with the fact that the tropical marine air mass prevails over Japan in summer.
Introduction
During the history of research in atmospheric ozone, the tropospheric ozone was long treated as a rare constituent transported from the stratosphere (e. g., Junge, 1962) . Although photochemical production of ozone was known to occur in polluted atmosphere as a consequence of reactions involving nitrogen oxides (NOx) and hydrocarbons (e, g., Leighton,1961) , it was thought to be limited in an urban atmosphere. Chameides and Walker (1973) put forth a numerical model in which photochemical production of ozone might be a principal process even in an unpolluted troposphere because of ubiquity of methane in the troposphere. However, the estimated rate of ozone production depends on the NOx concentration, which was later found to be very low and highly variable in the troposphere (see Stedman and Shetter, 1983 and references therein). There is now a general agreement that both transport from the stratosphere and photo-chemical production are important as a source of tropospheric ozone (e. g., Fishman, 1985) . Yet the strengths of both processes may be highly variable with time and place as described below, so their relative weights may be variable accordingly. In middle latitudes, the exchange between the stratospheric and tropospheric airs is associated with the migratory cyclone and the meander of the polar front jet. The stratospheric air containing rich ozone flows down round the center of the low pressure (Danielsen, 1985) . The downward flux of ozone in middle latitudes therefore changes from day to day according to the atmospheric condition in a synoptic scale.
The photochemical production of ozone in the troposphere is also variable because the tropospheric NOx concentration seems highly variable with time and place, and probably because methane and other hydrocarbons capable of ozone production may also be variable in concentration according to various biospheric conditions. Importance of the tropospheric ozone was claimed by Fishman et al. (1979) concerning thermal radiation budget of the troposphere. There is a growing attension to the longrange transport and global spread of air pollution. In order to assess the effect of air pollution to the tropospheric ozone precisely, detailed knowledge on the natural source strengths is necessary.
Ozone monitoring at various locations with various conditions on the globe will provide us with the data for this particular research.
The data base for the tropospheric ozone is growing.
Some characteristic behaviors of the tropospheric ozone, with respect to diurnal, seasonal and latitudinal variations and temporal variations associated with day-to-day weather conditions, have been studied mainly by using the data from North America and Europe (e. g., Chatfield and Harrison, 1977; Fabian and Pruchniewicz, 1977; Singh et al., 1978; Oltmans, 1981) .
On the other hand, the data base is much limited in Asia. The ozonesonde data in Japan are useful for research in the tropospheric ozone, but the observations are too sparse to represent complicated behaviors of the tropospheric ozone correctly.
A continuous observation of the tropospheric ozone is possible only on the ground. A long-term observation of ozone on the ground surface has been made so far in Japan not for research in the natural troposphere but for monitoring air pollution. Fortunately we can find some monitoring stations which are located in rural areas and are probably not subjected to serious effect of polluted air masses.
Data for surface ozone
Long term data for the surface ozone concentration are available from environmental monitoring stations all over Japan. These stations were operated by municipal orgaizations to monitor oxidant, NOx, SO2 and other pollutants with standardized instruments and sampling procedures.
They normally provide the data in terms of hourly averaged values. Since their objective is air pollution monitoring, almost all of them are located in city areas ; however, there are several stations in rural areas.
We choose 4 stations which usually exhibit low NOx and SO2 concentrations. At these stations, the monthly average of the reported values of NOx concentration normally does not exceed a few ppbv (parts per billion by volume; 1 ppbv=l0-9 part), which is close to the detection limit of the instrument.
The instrument for measuring oxidant uses potassium iodide solution with either colorimetric or coulometric detection.
It is well known that this instrument is not free from the influence of NOx and SO2* However, the data for oxidant from the chosen 4 stations are representative of ozone, because of low NO* and SO2 concentrations.
The stations chosen in our present study are shown in Table 1 . Some description of the monitoring sites may help the readers to understand the natural and anthropogenic conditions around the sites.
Observation sites
The station Rokkasho is located at the site of Obuchi Primary School of Rokkasho Village in Shimokita Peninsula.
Its surrounding area is plains on its western side and an open sea on its eastern side, and the site is 1km away from the beach. It is a completely rural area without roads of heavy traffic. Nearest cities of large population are Aomori (population about 300, 000) at a distance of 30km to the west, and Hachinohe (population about 300, 000) at 30km to the south along the coast, but the polluted air from these cities normally is not transported to the site by local wind systems. The station Wakuya is located on the hillside of Nonodake, whose peak is 236m high above sea level surrounded by paddy fi elds in Sendai Plains. There is Ishinomaki Bay at a distance of 18km from Nonodake to the southeast.
Ishinomaki City (population 100, 000) is located next to the coast of Ishinomaki Bay, and Sendai City (population 700,000) is at a distance of 40km from Nonodake to the southwest.
Consequently, there is a possibility that the monitoring site may be affected by the transort of polluted air due to a sea breeze.
The station Oseto is located at Yukinoura, a small town on the coast of Nishisonogi Peninsula.
The site is at the mouth of a valley and facing an open sea. There is no road of heavy traffic. The site is 30km away to the northwest from Nagasaki City (population 500, 000) and 30km away to the south from Sasebo City (population 300, 000), but it is isolated from these cities by mountains.
Kushima is a city of a polulation of 30,000 in the southernmost part of Miyazaki Prefecture and is facing Shibushi Bay. The monitoring station is located at the site of Mutsumi-en Kindergarten about 3km away from the city center to the southwest and at a distance of about 500m to the beach. The site may have a chance to suffer from the influence of the polluted air of the city but the adjacent roads are not of heavy traffic.
Seasonal behavior
The time series of the surface ozone concentration during January 1979 through March 1982 are depicted in Figure 1 , where the monthly averaged values are presented in units of ppbv. The monthly averages were simply calculated by averaging all the day and night values of hourly average.
A systematic day-night variation is commonly seen in these observation sites and its amplitude varies with season as described in the later section ; however, use of the daily maximum or min- imum also results in the similar feature.
Since NO2 may act as a precursor in the photochemical ozone production, we have also examined the data of NO2 concentration which was simultaneously monitored with the Saltzman method. There was no indication for seasonal variation in the NO2 concentration, whose monthly average was within the range of instrumental uncertainty, i. e., a few ppbv. However, we cannot rule out a possibility of ozone production, since there is an evidence for ozone production in summer even if NOx concentration is as low as 0.6-1.0ppbv (Fehsenfeld et al., 1983) .
In Figure 1 we can see a common feature at all stations : a maximum in spring (around April) and a minimum in summer (around July).
The maximum and minimum values change with year and site, and are roughly 30-50ppbv and 10-20ppbv, respectively. The spring maximum is a common feature in the mid-latitude troposphere, and is interpreted in terms of ozone transport from the stratosphere (e. g., Junge, 1962; Singh et al., 1978) .
It is well established that the total ozone exhibits a spring maximum and an autumn minimum in middle latitudes.
This seasonal variation is mainly due to the change in the height profile below about 25km:
The ozone distributes in the lower stratosphere much more in spring than in autumn (e. g., Dutsch, 1978) . This is a consequence of ozone transport from the upper and northern stratosphere due to the planetary wave. The upward propagation of the planetary wave is prohibited in the easterly which lasts during May through September in middle latitudes, so the ozone transport may be more active in spring than in autumn.
The similarity in variations of the total ozone and the tropospheric ozone has lead many scientists to the stratospheric source of the tropospheric ozone. In middle latitudes, the migratory cyclones are known to be responsible for the mixing between the tropospheric and stratospheric airs, and they occur most actively in spring and autumn. However, the seasonal variability in the ozone downflux to the lower troposphere associated with these mixing processes is not easy to evaluate. A change of the ozone profile in the lower stratosphere may be an important factor to control the downward flux of ozone. These points should be clarified in more detail by future studies.
The summer minimum found in this analysis does not seem to be peculiar to Japan. An indication of the summer minimum has been found in the lower troposphere over Cape Kennedy (28.5*N) in North America according to the ozonesonde data analysed by Chatfield and Harrison (1977) . The surface ozone observed at Poona (18*N) in India, Cape Grim (40.7*S) and Macquarie Is. (54.5*S) in Australia also represents a distinct decrease in summer (June, July and August ; or December, January and February in the southern hemisphere), according to Tiwari and Sreedharan (1973) and Galbally and Roy (1981) . They ascribe this minimum to an increase in ozone destruction rate or a decrease in ozone transport from the stratosphere.
Both explanations sound reasonable for Poona where it is the monsoon season in June through August, and also may be applicable to the case of Japan. We will discuss this point in the later section.
The summer minimum does not favor the claim that the photochemical production is a principal source of the tropospheric ozone. As seen in Figure 2(a) , the ozone concentration does not correlate with the solar radiation at the station Oseto. Other stations also exhibit the similar characteristics.
It is also shown in Figure 2 (a) that the monthly averages of the daily maxima of NO and NO2 are generally small and do not have any correlation with ozone. Note that the global solar radiation given in the figure is a monthly average of the daily accumulated insolation including both direct and scattered components observed at the adjacent meteorological observatory at Nagasaki.
The ultraviolet radiation should be a better quantity to be referred to, because it is the ultraviolet that dissociates NO2 to yield ozone eventually.
It should also be noted that Bai-u, the rainy period in middle June through middle July affects the insolation, and that June/ July is not always the month of maximum insolation.
On the other hand, the correlation between the ozone concentration and the solar radiation seems good in the case of central Tokyo. Figure 2(b) shows that both the ozone concentration and solar radiation are large in summer as seen in a typical case of polluted atmospheres.
Note that the daily maximum value of NOx concentration exhibits an enhancement in autumn and winter, and that NO, the pollution source gas exhibits a significant enhancement in November through January because of a weak mixing due to atmospheric stability (inversion layer).
Diurnal variation
The diurnal variation may provide us with some information on the processes controlling the tropospheric ozone. Figure 3 shows of Wakuya it may be the transport from Ishinomaki City by a sea breeze. It should be noted that this sort of diurnal variation may be interpreted even in the case of unpolluted troposphere in terms of a nighttime cease of the vertical mixing due to an inversion layer and the ozone destruction on the ground surface.
Ozonesonde data
Three JMA (Japan Meteorological Agency) observatories are operating the ozonesonde sounding : Sapporo (43*38'N, 141*20'E), Tateno (36*03'N, 140*08'E) and Kagoshima (31*38'N, 130*36'E). The ozonesonde which utilizes potassium iodide solution with coulometric detection is normally flown at 0530UT once or twice a month, but extensive observations were carried out in 1969-1971, providing us with the vertical ozone profiles of about 40 a year at each observatory.
Since the observing dates distributed uniformly over all months, these data are useful for investigating the seasonal behavior. Figure 4 shows time series of the ozone concentration in terms of volume mixing ratio at a height of 700mb level (about 3km). Kagoshima exhibits a distinct minimum in summer (June, July and August) and an increase in spring.
Tateno also exhibits the same seasonal behavior as Kagoshima, though the summer minimum is not confirmative because of a lack of the July and August data in both 1969 and 1971. Consequently, at the 700mb level over Kagoshima and Tateno, the ozone represents the same feature of seasonal variation as those on the ground surface described in section 3. However, the summer minimum is not evident at Sapporo, which shows a seasonal variation similar to those at other mid-latitude observatories (e. g., Chatfield and Harrison. 1977) . In order to investigate the seasonal behavior at different height levels, the seasonal variations were constructed from the data in [1969] [1970] [1971] [1972] [1973] [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] . Almost all reported profiles, except 10-15% of them, were corrected for the total ozone which was measured simultaneously. The sampling frequency at each observatory was 25-30 profiles a year in 1972-1973, and one or two profiles after that except in 1976-1977 during which only a few profiles a year were acquired. The observing dates distributed nearly uniformly throughout a year except June, July and August at Tateno.
The data in July and August were available only for 1969 and 1970 at Tateno, so that the total number of observation were 4 and 3 in July and August, respectively.
The June data were acquired only in 1969-1973 at Tateno, so that the total number of observations in June was about a half of those in other months. Figure 5 represents the seasonal variations of the volume mixing ratios at different pressure levels over the three ozonesonde observatories.
Note that a lack of the 1000mb level data at Kagoshima is due to the height of the balloon launching site (283m from sea level). The vertical bar indicates a standard deviation. On the panels for Kagoshima and Tateno, the spring maximum and summer minimum are evident up to a height of 600mb (about 4.3km). It should be noted that the summer data at Tateno is less reliable. Short bars for July at Tateno is because of a small sampling number ; therefore, they do not indicate a high reliability of the data values, but they imply a possibility of some deviation in data sampling. This situation is also true for August at Tateno.
We need more ozonesonde flights in July and August to confirm the summer minimum in the tropospheric ozone at Tateno.
The summer minimum as well as the spring maximum are characteristic features of the tropospheric ozone in the mainland and southern Japan. However, at Sapporo in Hokkaido Is, which is located in the northernmost Japan, the summer minimum is not evident : only the spring maximum with a monotonic decrease during summer and autumn. This suggests that the ozone transport from the stratosphere is still effective in summer at Sapporo.
There is no indication in height profiles to imply photochemical production of ozone in the boundary layer in summer at Sapporo (see Fig. 6 ).
Height profiles of the tropospheric ozone may change day by day according to continual intrusions of the stratospheric ozone to show laminated peaks at several height levels, but their monthly averages show a smooth profile and are not so different with different seasons except in summer months. Figures 6(a) and (b) represent the profiles of four typical months in various seasons at three observatories.
As seen in Fig. 6(a) , the height profiles below about 7km are similar to each other except for July.
The July profile is very different from those of other seasons. The ozone mixing ratio becomes very small in July in the lower troposphere but still large in the upper troposphere.
This may demonstrate that the stratospheric ozone is transported effectively only down to the upper troposphere and hardly reaches the lower troposphere in July.
It is noteworthy that the relatively small values at 1000mb level may suggest a destruction of ozone in the boundary layer and/or on the ground.
The monthly average profile in many cases exhibits an increase of ozone concentration with height in the upper troposphere above about 7km where the variance is also larger than in the lower heights. This is a consequence of frequent chances of increase due to the intrusions of the stratospheric ozone. The effect of the intrusions is stronger in winter and spring, and weaker in summer and autumn.
It is interesting to see that the chance of intrusions of the stratospheric ozone is not rare in the upper troposphere over Sapporo even in summer and autumn.
The height profiles at three different observatories is compared in Fig. 6(b) to see the latitudinal distribution of the stratospherictropospheric air exchange.
The profile is very similar to each other at three observatories in July, and the mixing ratio is larger at a higher-latitude observatory at almost all height levels in July. However, in other months the height gradient is small and the latitudinal difference is small in the middle and lower troposphere.
At the heights around 300mb, the mixing ratio again is larger at higher latitude throughout all seasons. This is a natural consequence of the fact that the active region of intrusions of the stratospheric air is located at a latitude of around 40*N or larger.
6. Seasonal excursion of the stratospheric -tropospheric exchange region
It is well known that the exchange between the stratospheric and tropospheric airs occurs in association with a migratory cyclone and a northsouth meander of the polar front jet which turns around the cyclone. The region where the jet turns from southward to northward corresponds to the trough. The stratospheric air around the trough region moves down round the center of the cyclone and a part of it moves to the anticyclone side. This situation is well described by Danielsen (1980) and Shapiro (1980) .
The trough has some latitudinal extent and migrates eastward, so that it passes over Japan quasi-periodically once per several days. In order to clarify the seasonal excursion of the active region of the stratospheric-tropospheric*exchange, the latitudes which the trough at the 700mb level extends over are depicted in Fig. 7 . The vertical bars represent the latitudinal extent of the trough existing in the longitude range 125*-145*E, and are displayed once at an interval of several days. The trough hardly appears at a low latitude of 30*N during summer months.
In other seasons, it frequently extends to low latitudes below 30*N. In winter, it is stably located to the east away from the range 125*-145*E because of the stable Aleutian low ; therefore, in Fig. 7 the occurrence frequency of the trough sometimes is smaller in December, January or February than in spring and autumn. Figure 7 demonstrates that in summer the stratospheric-tropospheric exchange occurs at latitudes higher than 40*N in the east Asia. Consequently, the ozone transport from the stratosphere may be active only at higher latitudes in summer and its effect may reach only the upper troposphere over Japan as seen in Fig. 6(b) .
It should also be pointed out that the summer troposphere over Japan comes to be under the influence of the tropical air which is of marine origin and is believed to include less ozone (e. g., Routhier et al., 1980) . The low concentration of ozone in the tropical marine air may be attributed to a weak productivity of ozone through photochemical reactions and/or a photochemical removal of ozone. It may be due to a low NOx concentration over the sea, but the effect of ozone removal due to the heterogeneous reactions with marine aerosols cannot be ruled out.
The ozone removal in cumulus clouds and due to rainout should also be considered as a cause of the summer minimum, since cumulus clouds are actively formed in summer in Japan. We have compared the diurnal variations of the surface ozone between fine and rainy days in spring and [summer. *he diurnal increment in general is larger on a fine day than on a rainy day. There is only a very small diurnal variation on a rainy day, but there is no definite evidence for a smaller concentration of ozone on a rainy day than on a fine day. Therefore, we may tentatively conclude that the ozone removal due to cumulus clouds and rainout is not a principal cause of the summer minimum of the tropospheric ozone in Japan. However, further studies are necessary with respect to the details of the effect of these heterogeneous processes.
Summary
The seasonal and diurnal behaviors of the tropospheric ozone are investigated by using the data from air quality monitoring stations in rural Japan. At four chosen sites, where the NOx concentration normally does not exceed a few ppbv or the detectable limit of the instruments, the diurnal variation of ozone on the ground surface does not strongly depend on season, except winter when it is very small. The seasonal variation exhibits a summer minimum, as well as the spring maximum which is common at middle latitudes in Europe and North America. The summer minimum does not correlate with the solar insolation, suggesting that the photochemical production is not a principal factor to the tropospheric ozone. The ozonesonde data also represent the summer minimum in the free troposphere below the altitude about 4.5km at Tateno and Kagoshima, but not evidently at Sapporo.
The summer minimum is a common feature of the tropospheric ozone in Japan, and is interpreted in terms of the ozone transport from the stratosphere..
In summer, the active region of the stratospheric air intrusion associated with the migratory cyclone moves to the north of Japan and the tropical air mass covers almost all over Japan.
